Polymeric materials and resists for 193 and 157 nm applications have shown good progress. Improvements and status in the area of methacrylate, cyclo-olefin/maleic anhydride (COMA), hybrid polymers and resists derived from these polymers are highlighted. While methacrylate polymers based on 2-methyl adamantyl methacrylate (MAdMA) continue to show excellent performance for contact and dense line and space applications, hybrid type polymers consisting of (among others) t-Butyl-5-norbonene-2-carboxylate (BNC), MAdMA and maleic anhydride exhibit the best performance for semi-dense and isolated line and space applications. Lithographic performance of representative formulations AZ® EXP AXTM 1020P, AZ® EXP AXTM 1040P, and AZ® EXP AXTM2020P derived from each type of polymers are provided. A first 157 nm resist system based on copolymers of norbonene-5-methylenehexafluoroisopropanol (NMHFA) and BNC, formulated with an additive obtained by copolymerization of t-butyl norbornene-5-trifluoromethyl-5-carboxylate (BNTC) with carbon monoxide demonstrating dense L/S resolution down to 90 nm with >85° wall angle is also presented.
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1.Introduction
Process and resist selections for CDs SO. 13µm is ongoing at several semiconductor research fabs. The most advanced 248nm resists may satisfy the necessary process windows up to 0.13µm (by using optical enhancement techniques) but 193nm resists are the choice of materials for CDs <O.l3µm. 193nm resist development work by several groups is focused on fine tuning the materials and resists addressing issues such as line-edge roughness, smaller process windows, and etch related problems.1"14 Beyond 193nm, intensive research work is also being carried out on the polymeric materials and resists useful for 157nm applications. While the polymer platforms and specific polymers are almost fixed for 193nm resists a lot of research work is being carried out to tackle the absorption of most of the polymers at 157nm by incorporating fluorine or silicon on to the polymers. 15 Since MAdMA is too hydrophobic, an hydrophilic monomer such as MLMA is copolymerized to balance the polarity of the polymer. Polymers reported in this paper were prepared by using AIBN [N,N'-azobis(isobutyronitrile)] initiator in THE solvent at 68°C. The yields were typically above 65 % after precipitation in methanol and vacuum drying. Some general characteristics of this type of polymers are that the molar ratio of the monomers needs be close to l:1 to meet the solubility properties for resist applications. For example polymers from l:3 or 3:1 mol ratios of MAdMA:MLMA are solvents (Table 1) . A slightly modified formulation, AZ® EXP AXTM 1040P shows excellent contact hole (C/H) capabilities. After oxide etch, DoF performance of 160 nm isolated (1:6) C/H of this resist exposed on a ASML scanner (NA=0.6, a=0.4) using a binary mask and processed using a 400 nm resist film, 130°C/60sec SB, 120°C/60sec PEB and 60sec development in 2.38 wt % TMAH is shown in Figure 4 . The dense C/H DoF and the overlap DoF is summarized in Table 2. 2.38 wt% TMAH for 35sec.. The resist has a very good linearity and resolution capability of up to The performance at I30nm dense C/H for a modified AXTM 1040P processed similar to AXTM 1040P except using a 6%HTPSM is shown in shown in Figure 5 . It demonstrates a DoF of 0.5µm. Both AXTM 1040P and AXTM 1020P have more than six months shelf life stability. As demonstrated in these paragraphs, the methacrylate polymers show good performance for dense and contact hole applications due to high development contrast. However, for semidense and isolated L/S, cycio-olefin containing polymers were found to be superior and is discussed in the following paragraphs. 2.3 Cyclo-olefin/maleic anhydride polymers t-Butyl-5-norbomene-2-carboxylate (BNC), 2-hydroxyethyl-5-norbomene-2-carboxylate (HNC), and 5-norbomene-2-carboxylate (NC) were synthesized by the Diels-Alder reaction between cyclopentadiene and the respective acrylate.in quantitative yields. Polymerization of of malefic anhydride and BNC,HNC and NC were carried out in THE solvent using AIBN initiator. at 65-70°C for up to 24 hours under nitrogen atmosphere. The polymers (scheme III) were isolated (45-60 % yield) from excess diethyl ether and purified by double re-precipitations. figure 6 . The 390nm resist film was processed at SB and PEB temperatures The copolymerization of norbornene and malefic anhydride with acrylate or methacrylate monomers has been reported by the research group at Lucent Bell Labs where it was demonstrated that the yields of this type of copolymers can be quite comparable to those of other families of polymers for lithographic applications5. In this study, a hybrid COMA/ methacrylate system (Scheme 4) in which one part of MAdMA and MLMA mixed with one part of norbomene derivatives (BNC, HNC, and NC) and two parts of malefic anhydride. These were reacted in the presence of AIBN in THE solvent The isolated yield of this polymer is about 70% and Mw in the 6000-10,000 Dalton target range for lithographic applications can be achieved. We have developed varieties of hybrid polymer systems by changing the cycloolefin! methacrylate ratio. 12 The yields, molecular weight, and the dark film loss of the few selected hybrid polymers with different ratios of cyclo-olefin! methacrylate monomers are shown in Table 3 . The desired molecular weights of the hybrid polymers were easily achieved. The low molecular weight polymers can be obtained by increasing the amount of initiator, decreasing solid content (reducing gel effect) or using chain transfer reagents. With the increase of the methacrylate monomer feed in the hybrid polymers, dark erosion decreases significantly, as expected from dilution of cycloolefins, especially HNC and NC. It is not surprising to see that the last two entries of Table 3 where HNC and NC are absent in the hybrid copolymer result in a very low dark erosion
The most striking feature in Table 3 is the dramatic increase in isolated yield of polymers with increasing amounts of methacrylate monomers. This observation led us to characterize the polymers more thoroughly. We have analyzed an aliquot of the reaction products by gas chromatography using internal standards of the reacted monomers. The total amount of unreacted monomers was quantitatively measured to be about 10%, whereas the amount of malefic anhydride was about 1%. Typically, during the isolation process, about 15 to 20% of the starting materials are removed, which include oligomers/low molecular weight polymers and about 10% of unreacted monomers. We believe that malefic anhydride acts as a chain transfer reagent to yield relatively low molecular weight polymers since under similar conditions free radical reactions of methacrylates (MAdMA and MLMA) were found to give very high molecular weight polymers (Mw >40,000). It is not clear at this point whether an alternate copolymer of malefic anhydride and methacrylate is formed, though it is strongly believed that methacrylate and maleic anhydride react to contribute to the polymer chain formation. A fundamental study of synthesis and characterization of the hybrid polymers including reaction kinetics is under way, and the results will be reported in a future communication. Composition analysis of hybrid polymers by NMR analysis is very difficult because of the complicated nature of the polymer. However, 13C-NMR analysis of the hybrid polymer recorded in d-6 DMSO clearly shows two resonances at low field. A broad band which appears at 172 to 177 ppm is attributed to the carbons of the C=0 groups of the carboxylate moieties, while a sharp peak at 169 ppm can be assigned to the carbonyl C=0 of MLMA. A broad band of carbon attached to oxygen of HNC and MLMA appears at 79 to 81 ppm, whereas a sharp peak of carbon attached to oxygen (MLMA ring) appears at 64.3 ppm. There are three sharp peaks at 27.5 ppm, 24.5 ppm, and 20.7 ppm that can be assigned to the methyl groups of BNC, the polymer chain, and MAdMA and MLMA, respectively. Apart from the increase in the polymer yield and control of dark erosion another important advantage of introduction of the methacrylate monomers in to COMA polymers is the decrease in the absorption due to the dilution effect. (Fig.  7) . It was found that the absorption of the polymer film at 193 nm decreases linearly with the decrease of cycloolefin monomer in the feed ratio, as shown in figure 7 . Though the absorbance of the hybrid polymer is still high, it has been reduced significantly with respect to pure COMA polymers by increasing the methacrylate components in the monomer feed. However, with even a minimum amount of cycloolefin moieties, the absorption of hybrid polymer is still significantly higher than that of methacrylate copolymers due to the presence of maleic anhydride units. Therefore, the resist prepared from this polymer system may still show low wall angles and a tendency towards top loss during exposure because of higher absorption. Figure 10 compares the real time aging Further work on the gas phase spectra of model compounds by Willson and his group at the University of Texas at Austin16 indicated that simple, unfunctionalized hydrocarbons are already too absorbing to be considered as backbones for high-resolution resists without modifications. The same work showed that fluorination can substantially increase transparency, especially if the fluorine is introduced adjacent to or directly in the ring of a norbornane structure. Another important result obtained by Willson was that carbonyl functions can be tolerated if there is a geminal trifluoromethyl substituent, e.g., the absorption of poly(methyl 2-trifluoromethyl-acrylate) is about 3 µm"', whereas that of PMMA is of the order of 8 µm-' Based on this work, it is possible to write down a number of substituted norbornene structures that can be expected to combine high transparency at 157 nm with aqueous solubility and high dry etch resistance (Scheme 5). These norbornenes can then be polymerized either through metal-catalyzed addition reactions or through free radical pathways. The metal-catalyzed reactions have been described in detail by BF Goodrich,19 and these polymers have been used as the basis for a 193 nm resist system developed at IBM Almaden research laboratories. 21 However, one of the limitations of this approach is that 5,5-disubstituted norbornenes are essentially impossible to polymerize if the substituents impose even moderate steric demands. For example, methyl norbornene-5-methyl-5-carboxylate or methyl norbornene-5-trifluoromethyl-5-carboxylate can not be polymerized with the standard catalyst systems effective for the 5-monosubstituted derivatives. The reasons for this behavior are still somewhat unclear and may involve, among others, the exo/endo directing properties of such substituents in the DielsAlder reactions used to make these precursors. In the case of the free radical approach, the limitation lies in the small number of monomers that are known to copolymerize with norbornenes. Maleic anhydride, which has been used to good effect in 193 nm resists of this type, is prohibitively absorbing at 157 nm. Copolymerizations of norbornenes with tetrafluoroethylene (TFE) have been described by JSR22 and were suggested by Willson for use in 157 nm resists. This approach forms the basis for a recent European patent application by DuPont.23 Similar work has also been carried out at the Univ. of Clemson as part of the SEMATECH 157 nm program. '8 In separate developments, Ober's group at Cornell has reported encouraging results with a methacrylate route using a bis-hexafluoro-isopropanol-substituted cyclohexane. 24 Both the group at IBM Almaden25 and the one at MIT Lincoln Laboratories26 have taken a fresh look at the first fluoroalcoholsubstituted lithographic polymers, the bis-(trifluoromethyl)oxa-ethano-styrenes (Scheme 6), which were originally investigated for use at 248 nm by researchers at Hoechst AG27 as early as 1991.
While polymers using this chemistry typically have shown absorbances of 4 µm-1 or more at 157 nm, their precursors are be easily synthesized and polymerization is readily carried out via the free radical route. The large number of different approaches with intrinsically different absorbances at 157 nm have led to the question of just how much absorbance can be tolerated in a 157 nm single layer resist. For DNQ-type systems, an optimum film optical density of 0.4 µm"' is usually quoted; however, these systems differ from 157 nm resists in that they are to fluorinated photobleaching and their photospeed is directly coupled to the absorbance. It is therefore necessary to take a fresh look at the impact of absorbance on resist performance for the specific case of chemically amplified resists at 157 nm. Modeling studies16b'28 have been carried out for 157 nm resists using typical resist parameters as measured for 193 nm or 248 nm materials, with the one change that the B parameter (i.e., the unbleachable absorption component) was continuously varied. The main result of these studies has been that the resist wall angle is strongly dependent on the resist absorbance (figure 11): for a target wall angle of 85°, the absorbance has to be in the 1 to 1.5 µm!' range, irrespective of film thickness ( Figure 12 ). These findings show that a total film transmittance criterion is insufficient to assure the required structure quality and wall slope. Our recent work has focused on a first 157 nm resist system based on copolymers of norbornene-5-methylenehexafluoroisopropanol (NMHFA) and tbutylnorbornene carboxylate (BNC), formulated with an additive obtained by copolymerization of tbutyl norbornene-5-trifluoromethyl-5-carboxylate (BNTC) with carbon monoxide. The details of the preparation and chemistry of these compounds have been described elsewhere.'8'29 Scheme 7 shows the structure of the NMHFA-BNC copolymer and the BTNC-carbon monoxide additive. The use of BNC as a photo-switchable group entails a certain amount of compromise in the absorbance characteristics. (Table 4) . Although not discussed in detail in this paper, issues such as line-edge roughness and pattern profile degradation during etch etc., needs to be improved for versatile implementation in mass production.
Scheme 7. Structure of NMHFA-BNC copolymer and carbon monoxide-BNTC acetal copolymer. Table 4 based on
Comparison of lithographic features of acrylate. COMA and hybrid polymers. As for 157 nm resists, it may be said that it is still at an early stage but the rapid pace of recent improvements justifies the hope that the resist chemistry will soon no longer have to be considered a potential showstopper. It is expected that systems will soon be available that meet the basic requirements for a first generation 157 nm resist system suitable for lens testing, tool qualification and early development work.
